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Description 



SYSTEM AND METHOD FOR OPERATING 
AN ELECTRIC MOTOR BY LIMITING 
PERFORMANCE 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates to electrically driven vehi- 
cles. In particular, the present invention relates to limiting 
motor performance in accordance with certain operating 
conditions of the vehicle. 

[0003] 2. Background Art 

[0004] The present invention relates to electrically driven vehicles 
having "electric only" capabilities. Common "electric only" 
capable hybrids include a series hybrid electric vehicle 
(SHEV), a parallel hybrid electric vehicle (PHEV), and a par- 
allel/series hybrid electric vehicle (PSHEV). 

[0005] "Electric only" capable vehicles include at least two power 
sources, where one of the at least two power sources 



stores energy and one of the power sources generates en- 
ergy. The "electric only" designation indicates the vehicle 
can be driven with energy from the energy storing power 
source (battery) if the energy generating power source 
(engine or fuel cell) is turned off or not generating power. 
[0006] The energy storing power sources can be distinguished 
from the energy generating power source because the 
storing power source must receive energy, rather than 
generating its own energy. Common energy storing power 
sources are batteries and common energy generating 
power sources are engines and fuel cells which consume 
fuel and produce chemical reactions to generate the elec- 
tric energy. 

[0007] Each of the power sources can be used to provide torque 
to wheels for driving the vehicle. The software, electron- 
ics, and mechanism which permit the power sources to 
provide torque to the wheels are referred to as a drive- 
train. 

[0008] The drivetrain for the energy storing power source is re- 
ferred to as an auxiliary drivetrain to distinguish it from 
the drivetrain for the energy generating power source 
which is referred to as a primary drivetrain. In this man- 
ner, the primary drivetrain includes the generating power 



source and the auxiliary drivetrain includes the storing 
power source. 

[0009] a problem may arise if the primary drivetrain experiences 
a condition which limits or prevents it from providing 
torque to the wheels or providing power to the auxiliary 
drivetrain. Assuming that the hybrid vehicle only includes 
one primary drivetrain and the storing energy source in 
the auxiliary drivetrain is a battery, the continued driving 
of the vehicle may be limited to the amount of available 
battery energy remaining in the battery. 

[0010] The continued driving of the vehicle then becomes depen- 
dent on the remaining battery energy and how the re- 
maining energy is used by an electric driving motor used 
to drive the vehicle. Generally, it is desirable to control the 
use of the remaining battery energy to prolong vehicle 
driving. Accordingly, there is a need for a method of opti- 
mally controlling the HEV when the primary drivetrain is 
limited or unable to provide nominal performance. 
Summary of Invention 

[0011] The present invention meets the need identified above 

with a method to control performance of a hybrid electric 
vehicle (HEV). In particular, the method limits performance 
of the HEV to prolong operation of the HEV. 



[0012] one aspect of the present invention relates to a method of 
controlling a HEV having a primary drivetrain and an aux- 
iliary drivetrain. The method limits performance of an 
electric motor used in the auxiliary drivetrain to control 
energy consumed from a battery in the auxiliary drive- 
train. 

[0013] The performance is limited according to performance lim- 
iting strategies which are based in part on the future 
availability or unavailability of the primary drivetrain to 
produce energy for storage in the auxiliary drivetrain. The 
performance is limited further when the primary drivetrain 
is unavailable in the future. This is done to prolong oper- 
ation of the vehicle by causing the electric motor to con- 
sume less energy than it would otherwise consume if the 
primary drivetrain were available. 

[0014] one aspect of the present invention controls the limiting 
of the electric motor based on available battery energy re- 
maining in the battery after the condition. A calculation or 
measurement is made to determine available battery en- 
ergy such that the performance of the electric motor is 
continuously limited based on the available battery en- 
ergy. 

[0015] The electric motor performance can be limited by setting 



a maximum vehicle speed limit based on the available 
battery energy. Preferably, the maximum vehicle speed is 
45 mph if the battery state of charge is above 50%, 35 
mph if the battery state of charge is between 50% and 
45%, 25 mph if the battery state of charge is between 45% 
and 35%, and 15 mph if the battery state of charge is be- 
tween 35% and 20%. 

[0016] The electric motor performance can also be limited by 
setting a maximum power limit for the electric motor 
based on the available battery energy. Preferably, the 
maximum power limit is set to 25 kW if the battery state 
of charge is above 50%, 15 kW if the battery state of 
charge is between 50% and 45%, 10 kW if the battery state 
of charge is between 45% and 25%, and 5kW if the battery 
state of charge is between 35% and 20%. 

[0017] The electric motor performance can also be limited by 
setting a maximum power limit in combination with a 
maximum speed limit. Preferably, the combined limits are 
set to 45 mph and 25 kW if the battery state of charge is 
above 50%, 35 mph and 15 kW if the battery state of 
charge is between 50% and 45%, 25 mph and 10 kW if the 
battery state of charge is between 45% and 35%, and 15 
mph and 5kW if the battery state of charge is between 



35% and 20%. 

[0018] The electric motor performance can still further be limited 
by limiting actual power provided by the electric motor 
based on a relationship between a maximum power limit 
and a maximum speed limit for the electric motor. Prefer- 
ably, the actual power is limited according to the following 
algorithm: 

AP=2 * MP *(Ml^y MP *(MLl£i 

{ MS J { MS J 

[0019] wherein: 

[0020] A P = actual power (kW); 

[0021] mp = maximum power (kW); 

[0022] ms = maximum vehicle speed (mph); and 

[0023] vs = actual vehicle speed (mph). 

[0024] | n addition to limiting a driving characteristic of the elec- 
tric motor performance, the limiting can comprise shut- 
ting down the vehicle if the available battery energy be- 
comes so low that the primary drivetrain may not be 
restarted. This may only be applicable to electric start hy- 
brids having engines which require starting torque form 



the energy storing device. Preferably, the vehicle is shut- 
down if the battery state of charge drops below 20%. 

[0025] one aspect of the present invention relates to a HEV sys- 
tem which can limit performance of the HEV. The HEV sys- 
tem includes an internal combustion engine, a planetary 
gear set connected to the internal combustion engine, and 
a number of meshing gears connected to the planetary 
gear set to receive torque from the planetary gear set. A 
pair of wheels connect to the meshing gears to drive the 
vehicle in response to received torque. 

[0026] The HEV system further includes a generator connected to 
the planetary gear set, a battery connected to the genera- 
tor for storing energy, and an electric motor connected to 
the battery to consume energy from the battery and to 
provide torque to the differential gears. 

[0027] jo limit performance, the HEV system includes a vehicle 
system controller. The controller controls consumption of 
available battery energy by the electric motor during a 
condition which prevents the engine from providing 
torque to the wheels and power to the battery. This is 
done by limiting a driving characteristic of the electric 
motor based on the available battery energy. 
Brief Description of Drawings 



[0028] FIG. 1 illustrates an exemplary hybrid electric vehicle sys- 
tem for limiting motor performance during a condition in 
a primary drivetrain; 

[0029] FIG. 2 illustrates power and torque flow in the hybrid elec- 
tric vehicle system; 

[0030] FIG. 3 illustrates a positive parallel/series mode of opera- 
tion for the hybrid electric vehicle system; 

[0031] FIG. 4 illustrates a negative parallel/series mode of opera- 
tion for the hybrid electric vehicle system; 

[0032] FIG. 5 illustrates a parallel mode of operation of the hy- 
brid electric vehicle system; 

[0033] FIG. 6 illustrates an electric mode of operation of the hy- 
brid electric vehicle system; 

[0034] FIG. 7 illustrates limiting motor performance by setting a 
maximum speed as a function of a battery state of charge; 

[0035] FIG. 8 illustrates limiting motor performance by setting a 
maximum power output as a function of a battery state of 
charge; 

[0036] FIG. 9 illustrates limiting motor performance by setting a 
maximum power output and a maximum speed as a func- 
tion of a battery state of charge; and 

[0037] FIG. 10 illustrates dynamically limiting motor performance 
by controlling actual power output as a function of vehicle 



speed, maximum power, and maximum speed. 
Detailed Description 

[0038] The present invention relates to electrically driven vehicles 
having "electric only" capabilities. "Electric only" capabili- 
ties refer to vehicles which can operate with an "electric 
only" architecture. Common "electric only" capable hybrids 
include a series hybrid electric vehicle (SHEV), a parallel 
hybrid electric vehicle (PHEV), and a parallel/series hybrid 
electric vehicle (PSHEV). 

[0039] FIG. 1 illustrates an exemplary "electric only" capable hy- 
brid vehicle that is commonly referred to as a parallel/se- 
ries hybrid vehicle (PSHEV) system 10. The system 10 in- 
cludes an engine 14, a transmission 16, and a battery 20 
which operate with a planetary gear set 24, a generator 
26, a motor 28, and meshing gears 32 to provide the 
torque. The torque is received by a torque shaft 36 fort 
transfer to a differential axle 38 mechanism for final de- 
livery to wheels 40. 

[0040] The system 10 provides torque for driving the hybrid ve- 
hicle. The manner in which torque is provided is variable 
and controllable by a vehicle system controller 44. FIG. 2 
illustrates the variable and controllable means by which 
the vehicle system controller 44 can control power distri- 



bution in the system 10 for providing torque to the wheels 
40. 

[0041] | n general, fuel is delivered to the engine such that the 

engine 14 can produce and deliver torque to the planetary 
gear set 24. The power provided from the engine 14 is 
expressed asT w , where T is engine torque and u> is 

e e e e 

engine speed. Power delivered from the planetary gear set 
24 to the meshing gears 32 is expressed as Tu^, where T r 
is ring gear torque and oo^ is ring gear speed. Power out 
from the meshing gears 32 is expressed as where T_ 
is the torque of shaft and is the speed of the torque 
shaft, respectively. 
[0042] The generator 26 can provide or receive power from the 
planetary gear set 24. This is shown with the double ar- 
rows and expressed as T oo , wherein T is the generator 
g g g 

torque and is oo the generator speed. As shown with path 

g 

48, the generator 26 can then supply power to or receive 
power from the battery 20 or the motor 28 during regen- 
erative braking. As shown with path 50, the battery 20 can 
store energy received from the generator 26 and the mo- 
tor 28 and it can release energy to the generator 26 and 
the motor 28. As shown with path 52, the motor 28 pro- 
vides power to and receives power from the generator 26 



and the battery 20. In addition, the motor 28 provides 
power to and receives power from the meshing gears 32. 
This is shown with the double arrows and expresses as T 
a) , where T is motor torque and u> is motor speed. 
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[0043] FIGS. 3-6 provide further illustration of the flow of power 
and the production of torque in the system 10. 

[0044] FIG. 3 illustrates a positive split mode of operation. In this 
mode, the engine power is split between the meshing 
gears 32 and the generator 26, respectively. The splitting 
of power is controlled by the planetary gear set 24. The 
meshing gears 32 use the power received from the plane- 
tary gear set 24 to provide torque to the wheels 40. The 
battery 20 and the motor 28 can be controlled to receive 
power from generator 26. The motor 28 can provide 
torque to the meshing gears 32 based on power received 
from one or both of the generator 26 and the battery 20. 

[0045] FIG. 4 illustrates a negative split mode of operation. In 

this mode, the generator 26 inputs power to the planetary 
gear unit 24 to drive the vehicle while the motor 28 acts 
as a generator and the battery 20 is charging. It is possi- 
ble, however, that under some conditions the motor 28 
may distribute power to the meshing gearing 32, in which 
case the battery 20 would power both the generator 26 



and the motor 28. 

[0046] FIG. 5 illustrates a parallel mode of operation. In this 

mode, a generator brake 60 is activated and the battery 
powers the motor 28. The motor 28 then powers the 
meshing gearing 32 simultaneously with delivery of power 
from the engine 14 delivered to the meshing gearing 32 
by way of the planetary gear set 24. Alternatively, the mo- 
tor 28 can act as a generator to charge the battery 20 
while the engine 14 provides power to the wheels 40 or 
during regenerative braking. 

[0047] FIG. 6 illustrates an electric only mode. In this mode, a 

one way clutch 62 brakes the engine. The motor 28 draws 
power from the battery 20 and effects propulsion inde- 
pendently of the engine 14, with either forward or reverse 
motion. The generator 26 may draw power from the bat- 
tery 20 and drive against a reaction of the one-way cou- 
pling 62. The generator 26 in this mode operates as a 
motor. 

[0048] The vehicle system controller 44 (VSC) selects the power 
and torque delivery mode based on the vehicle operating 
conditions and a predefined strategy. To this end, the ve- 
hicle system controller 44 receives a signal from a trans- 
mission range selector 66 (PRND), a desired engine torque 



request 68, as shown at, which is dependent on accelera- 
tor pedal position sensor output (APPS), and a brake pedal 
position sensor 70 (BPPS). 
[0049] | n response to the received signals, the vehicle system 

controller 44 generates signals to the engine 14, a trans- 
mission control module 74 (TCM), and a battery control 
module 76 (BCM). Theses signals include a desired engine 
torque 80, a desired wheel torque 82, a desired engine 
speed 84, a generator brake command 86, a signal 88 in- 
dicating battery contactor or switch is closed after vehicle 
"key-on" startup. The modules then provide further signal 
to control the hybrid vehicle, such as a generator brake 
control 90, a generator control 92, and a motor control 
94. 

[0050] The vehicle system controller 44 and the other control 
modules, include sensors and software algorithms that 
can be used to detect electrical, mechanical, software and 
other conditions in the system 10. 

[0051] For the purposes of the present invention, a primary driv- 
etrain designation and an auxiliary drivetrain designation 
are provided. These designations are meant to cover all 
types of hybrid vehicles and to differentiate between the 
drivetrains of the different hybrid vehicles. In particular, 



which are based on consumption based power sources, 
such as an engine or a fuel cell, and storage based power 
sources, such a battery. 

[0052] | n detail, the primary drivetrain includes all the software, 
electronics, and mechanisms required for the engine 14, 
or fuel cell if used, to provide torque to the wheels 40. 
The auxiliary drivetrain includes all the software, electron- 
ics, and mechanisms required for providing torque to the 
wheels when the engine is shut-off. 

[0053] For the parallel/series hybrid vehicle shown in FIG. 1, the 
generator 26, the battery 20, and the motor 28 are the 
primary components of the auxiliary drivetrain, in combi- 
nation with the planetary gear set 24 if needed or avail- 
able depending on the condition, selected gears of the 
meshing gears 32, and the torque shaft 36 used to trans- 
fer torque to the differential axle mechanism 38 for final 
delivery to wheels 40. 

[0054] The vehicle system controller 44 monitors the primary 
drivetrain and the auxiliary drivetrain for an interruption 
or permanent disruption to the software, electrical, or 
mechanical function of any item in the drivetrains which 
would indicate future unavailability of the primary drive- 
train to produce energy for storage in the auxiliary drive- 



train. 

[0055] For the exemplary hybrid system shown in FIG. 1, unavail- 
ability of the primary drivetrain would correspond to an 
condition which would render the engine 14 unsuitable 
for providing torque to the wheels 40 or unsuitable for 
providing power to the generator 26 or the battery 20 for 
use by the motor 28 in providing torque to the wheels 40. 
In other words, unavailability of the primary drivetrain 
means the auxiliary drivetrain must provide the torque to 
the wheels without any replenishment of power from the 
primary drivetrain, i.e. the engine or a fuel cell. 

[0056] when the engine 14, or a fuel cell if used, of the primary 
drivetrain is unable to provide torque to the wheels or re- 
plenish energy consumed by the auxiliary drivetrain, the 
vehicle will gradually stop due to lack of available power. 
Regenerative braking can occur in the auxiliary drivetrain, 
but it will typically not be sufficient for prolonged driving. 

[0057] with respect to the exemplary system shown in FIG. 1, the 
operation of the auxiliary drivetrain is generally limited to 
the available battery energy remaining in the battery 20 
during unavailability of the primary drivetrain. This is due 
to the unavailability preventing the use of the engine 14 
to replenish the energy in the auxiliary drivetrain, except 



for possibly some limited replenishing by regenerative 
braking. 

[0058] The limiting relates to limiting work done by the electric 
motor 28 relative to its normal operating parameters. In 
other words, a driving characteristic of the electric motor 
28, such as power output and vehicle speed, is limited so 
that the HEV performance can be controlled to use less 
power, and in most cases decreased, to prolong operation 
of the HEV. The limited operation is commonly referred to 
as a limp home feature. 

[0059] The performance is limited according to performance lim- 
iting strategies which are based in part on the future 
availability or unavailability of the primary drivetrain to 
produce energy for storage in the auxiliary drivetrain. The 
performance is limited further when the primary drivetrain 
is unavailable in the future. This is done to prolong oper- 
ation of the vehicle by causing the electric motor to con- 
sume less energy than it would otherwise consume if the 
primary drivetrain were available. 

[0060] The severity of the limiting is based on the available bat- 
tery energy remaining in the battery 20 after the condition 
and as its continued consumption. The vehicle system 
controller 44 can measure or calculate the available bat- 



tery energy to determine the limiting. 

[0061] The vehicle system controller 44 can determine a battery 
voltage, a battery state of charge, or a battery discharge 
power limit to determine the available battery energy and 
the corresponding limitation of the driving characteristics, 
such speed and power. 

[0062] one limitation technique relates to setting a maximum 
driving speed of the HEV. By controlling the maximum 
driving speed, the vehicle system control can insure the 
battery energy required to achieve relatively high vehicle 
speeds is limit and used to prolong vehicle operation at 
lower speeds. 

[0063] As shown in FIG. 7, the maximum vehicle speed can be 
controlled as a function of the battery state of charge. 
Preferably, the maximum speed is set to 45 mph if the 
battery state of charge is above 50%, 35 mph if the battery 
state of charge is between 50% and 45%, 25 mph if the 
battery state of charge is between 45% and 35%, and 15 
mph if the battery state of charge is between 35% and 
20%. 

[0064] Another limitation technique relates to setting a maximum 
power output of the electric motor. By controlling the 
maximum power output, the vehicle system controller can 



control the rate of energy consumption. In this manner, 
the operation of the vehicle is less important that how 
rapidly the energy is being consumed. In other words, the 
vehicle speed and acceleration is indirectly controlled by 
setting the maximum power output of the electric motor. 
[0065] As shown in FIG. 8, the maximum power limit of the elec- 
tric motor can be controlled as a function of the battery 
state of charge. Preferably, the maximum power limit is 
set to 25 kW if the battery state of charge is above 50%, 
15 kW if the battery state of charge is between 50% and 
45%, 10 kW if the battery state of charge is between 45% 
and 25%, and 5kW if the battery state of charge is between 
35% and 20%. 

[0066] Another limitation technique relates to setting a maximum 
speed and maximum power limit. This combined control 
approach limits both the vehicle speed and the power ex- 
pense of achieving the vehicle speed. 

[0067] As shown in FIG. 9, the combined limits for setting the 

maximum vehicle speed and the maximum power can be 
controlled as a function of the battery state of charge. 
Preferably, the combined limits are set to 45 mph and 25 
kW if the battery state of charge is above 50%, 35 mph 
and 15 kW if the battery state of charge is between 50% 



and 45%, 25 mph and 10 kW if the battery state of charge 
is between 45% and 35%, and 15 mph and 5kW if the bat- 
tery state of charge is between 35% and 20%. 

[0068] Another limitation technique relates to a relationship for 
controlling actual power provided by the electric motor as 
a function of the maximum speed and maximum power 
limits. In this manner, the consumption of energy from 
the battery is dynamically controlled based on real time 
monitoring of HEV operation. 

[0069] Preferably, the actual power is limited according to the 
following algorithm: 

AP=2 * MP* \-MP*\ 

{ MS J V MS J 

[0070] wherein: 

[0071] A P = actual power (kW); 

[0072] mp = maximum power (kW); 

[0073] ms = maximum vehicle speed (mph); and 

[0074] vs = actual vehicle speed (mph). 

[0075] FIG. 10 illustrates the effect of the actual power limit al- 
gorithm for selected maximum power and maximum 



speed limits. In particular, the values correspond with a 
curve LI for a maximum speed of 45 mph and a maxi- 
mum power of 25 kW if the battery state of charge is 
above 50%, with a curve L2 for a maximum speed of 35 
mph and a maximum power of 15 kW if the battery state 
of charge is between 50% and 45%, a curve L3 for a maxi- 
mum speed of 25 mph and a maximum power of 10 kW if 
the battery state of charge is between 45% and 35%, and a 
curve L4 for a maximum speed of 15 mph and a maxi- 
mum power of 5kW if the battery state of charge is be- 
tween 35% and 20%. 

[0076] The control of the actual power is based on dynamically 
controlling the actual power provided by the electric mo- 
tor as a function of the current vehicle speed. In this man- 
ner, an inverse relationship is set up between speed and 
power such that less power is available as the vehicle 
speed approaches the maximum speed limit and more 
power is available as the vehicle speed decreases relative 
to the maximum speed limit. 

[0077] | n addition to limiting a driving characteristic of the elec- 
tric motor performance, the limiting can comprise shut- 
ting down the vehicle if the available battery energy be- 
comes so low that the primary drivetrain may not be 



restarted. This may only be applicable to electric start hy- 
brids having engines which require starting torque from 
the energy storing device. Preferably, the vehicle is shut- 
down if the battery state of charge drops below 20%. 

[0078] As described above, the various limiting techniques uti- 
lized battery state of charge to indicate the available bat- 
tery energy remaining during the condition. Each of the 
limiting techniques could be executed based on other en- 
ergy indicators for the battery, such as voltage, discharge 
limit, or other substitute for battery state of charge. 

[0079] The limiting focused on limiting a driving condition of the 
electric motor by directly controlling the electric motor. 
Alternatively, the electric motor could be passively con- 
trolled by, for example, controlling the battery such that 
the energy provided by the battery is controlled. By con- 
trolling the battery directly, the driving characteristics of 
the electric motor can be passively limited by the out- 
putted battery power. 

[0080] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



